Bacteria encounter various environmental cues during their life cycle to which they need to respond appropriately in order to survive. Different niches within a host are likely to provide different nutritional challenges to the microorganism. Such alterations in bacterial gene expression in response to environmental changes are under the strict control of transcriptional regulators.
CodY is a global nutritional repressor that is highly conserved in low-GϩC bacteria and has been investigated extensively in Bacillus subtilis, Lactococcus lactis, Streptococcus pyogenes, and very recently in Listeria monocytogenes (3, 16, 33, 35, 39, 42) . B. subtilis CodY represses the transcription of more than 100 genes during exponential growth which are involved in different metabolic pathways and cellular processes, such as peptide uptake, development of genetic competence, branched-chain amino acid (BCAA) biosynthesis, motility, and sugar uptake (35, 38) . There is one exception, where CodY functions as an activator in B. subtilis; the gene that encodes acetate kinase is positively regulated by CodY and the carbon regulator CcpA, possibly ensuring that an overflow pathway for carbon metabolism is active (40) .
Functional studies have shown that the DNA-binding activity of B. subtilis CodY is enhanced by both GTP and the BCAAs isoleucine, leucine, and valine (23, 41) . The crystal structure of two fragments of B. subtilis CodY, containing its cofactor and DNA-binding domains, revealed that the regulatory protein interacts with DNA as a dimer (31) . L. lactis CodY-DNA binding to its recently identified binding consensus is enhanced by BCAAs but not by GTP (13, 14, 17, 36) . Differences between these needs for cofactors of B. subtilis and L. lactis CodY might reflect the physiology of these bacteria. For instance, GTP plays a major role in the development of sporulation in B. subtilis, a process absent from the life cycle of L. lactis. Moreover, in B. subtilis, low levels of GTP induce the development of competence by relieving CodY repression of comK, a critical competence regulator (20, 38) . In contrast, natural transformation has never been observed in L. lactis. Interestingly, the lactococcal genome sequence revealed the presence of orthologues of several genes involved in natural transformation in other bacteria (6, 29) , but none of these putative competence genes belong to the lactococcal CodY regulon (14) .
Another process in which GTP plays a major part is the stringent response. This is a response of a bacterium to amino acid starvation, during which the signal molecule ppGpp is accumulated, resulting in a shutdown of the synthesis of many rRNAs and tRNAs (21, 42 ). An essential factor in the accumulation of ppGpp is the ribosome-bound protein RelA, which converts GTP to ppGpp. In S. pyogenes, a RelA-independent response to amino acid starvation is found that is, at least in part, regulated by CodY (44, 45) . Among the genes repressed during this response are virulence factors such as those encoded by graB, speB, and speH (33) . Interestingly, CodY induced the expression of pel/sagA and mga, genes that encode regulatory proteins that themselves positively affect the expression of numerous other virulence factors. This observation suggests a link between nutritional regulation and virulence in S. pyogenes (33) .
Streptococcus pneumoniae (the pneumococcus) is a human pathogen that causes diseases such as meningitis, pneumonia, and otitis media in the young, elderly, and immunocompromised (5) . Pneumococcal disease is preceded by colonization of the nasopharynx, which is asymptomatic. From there, it can develop into disease under the appropriate conditions. Analysis of the genomes of S. pneumoniae R6 (19) , D39 (30) , and TIGR4 (46) revealed that CodY orthologs are present on the chromosomes of these strains (spr1439 for R6, spd1412 for D39, and sp1584 for TIGR4). Here, we report on the physiological role of CodY in S. pneumoniae D39 in global transcription, translation, and DNA binding. We show that the pneumococcal CodY regulon consists mainly of genes that are involved in amino acid metabolism, biosynthesis, and uptake. Binding of CodY to its target promoters requires a 15-bp recognition site and is enhanced by BCAAs but not by GTP. Furthermore, we demonstrate that CodY is required for optimal levels of in vitro adherence and colonization of the murine nasopharynx.
MATERIALS AND METHODS
Bacterial strains and media. The bacterial strains and plasmids used in this study are listed in Table 1 . All of the pneumococcal strains used in this study were grown in Todd-Hewitt yeast broth at 37°C or on Columbia base agar supplemented with 5% sheep blood (Biotrading). Pneumococcal strains were maintained in 10% glycerol-10% skim milk at Ϫ80°C. Escherichia coli DH5␣ (Table 1) was grown in Luria broth at 37°C while shaking or on Luria broth agar supplemented with appropriate antibiotics (50 mg ampicillin and/or 20 mg trimethoprim).
Construction of mutant strains. The gene that encodes CodY (spd1412) was deleted from strain D39 by allelic replacement with the dfr13 cassette, which confers trimethoprim resistance (2) . To this end, codY with 1,000 bp of upstream and downstream flanking sequences was amplified from chromosomal D39 DNA with primers CodSacFwd and CodKpnRv (Table 2 ). This amplicon was cloned into pBlueScript KSϩ. Coding DNA of codY was deleted from the plasmid by performing an inverse PCR with primers CodHindFwdinv and CodPstRvinv, amplifying the codY-flanking sequences and pBlueScript KSϩ and introducing HindIII and PstI restriction sites for further cloning. This amplicon was ligated with the dfr13 cassette excised from pKOT with HindIII and PstI to create the knockout construct pKOCOD and transformed into E. coli DH5␣. A 2,660-bp linear DNA fragment containing codY-flanking DNA and dfr13 was amplified from pKOCOD with primers CodSacFwd and CodKpnRv. This PCR product was used to delete codY from the genome of S. pneumoniae D39 by CSP-1-induced (100 ng/ml) transformation. Transformants were selected on the basis of trimethoprim resistance and were checked by PCR for recombination at the desired location on the chromosome. Wild-type D39 was subsequently transformed with chromosomal DNA isolated from these transformants to rule out the possibility of any additional mutations on the chromosome.
The pcpA (spd1965) deletion mutants were constructed by allelic replacement with the spectinomycin resistance cassette of plasmid pR412T7 as follows. Primers pcpA_L1/pcpA_L2 and pcpA_R1/pcpA_R2 were used to generate PCR products of the left and right flanking regions of pcpA (approximately 500 bp each) ( Table 2 ). These PCR products were fused to the spectinomycin resistance gene amplified with primers pR412_L and pR412_R by means of overlap extension PCR. The resulting PCR product was transformed into S. pneumoniae D39⌬cps, and transformants were checked for the presence of the mutation by PCR.
Transcriptional profiling of D39⌬codY. Microarray analysis was performed essentially as previously described (18) . In short, 500 ml of Todd-Hewitt yeast broth was inoculated with 10 to 20 colonies from agar plates and these cultures were statically grown at 37°C. In all experiments, the D39 wild-type and ⌬codY strains displayed comparable growth characteristics. Samples for RNA isolation were taken when the cultures reached an optical density at 600 nm (OD 600 ) of either 0.1 or 0.2 (early and mid-log growth, respectively). RNA was isolated and purified with the High Pure RNA isolation kit (Roche diagnostics) as previously described (18) . Contaminating genomic DNA was removed by treatment with RNase-free DNase I (Roche Diagnostics). RNA was isolated from three replicate cultures. Synthesis, subsequent labeling of cDNA, and microarray hybridization were performed as previously described (18, 48) . In all cases, dye swapping was performed with one of the three biological replicates. The microarrays used in this study were constructed as previously described (18, 28) DNA microarray data analysis. Dual-channel array images were acquired with a GeneTac LS IV confocal laser scanner (Genomics Solutions) and analyzed with ArrayPro 4.5 software (Media Cybernetics Inc.). Spots were screened visually to identify those of low quality. Slide data were processed with MicroPreP as previously described (15, 18, 49) . Prior to analysis, automatically and manually flagged spots and spots with very low background subtracted signal intensity (5% of the weakest spots [sum of Cy3 and Cy5 net signals]) were filtered out of all data sets. Net signal intensities were calculated by grid-based background subtraction. A grid-based Lowess transformation was performed for slide normalization, negative and empty values were removed, and outliers were removed by the deviation test. Further analysis was performed with a Cyber-T Student t test for paired data (32) . For identification of differentially expressed genes, only genes with a minimum of six reliable measurements, a Bayesian P value of Ͻ0.001, a false discovery rate of Ͻ0.05, and a standard deviation less than the ratio were included. Since these criteria are purely a statistical measurement of differential gene expression and reproducibility across replicates, an additional fold change cutoff of 2 was applied. Initial analysis indicated that the sets of genes regulated by CodY at OD 600 values of 0.1 and 0.2 are similar; i.e., 33 genes were upregulated at both optical densities, four genes upregulated at 0.1 and not at 0.2 and three genes upregulated at 0.2 and not at 0.1. Because growth at these phases is also more or less the same (exponential growth), data sets for both ODs were combined. Sequences of several differentially expressed genes were analyzed by TMHMM on the CBS Prediction Server for transmembrane domains (www.cbs .dtu.dk/services/TMHMM/). Two-dimensional (2D) differential gel electrophoresis (DIGE). The three independent pneumococcal cultures used for transcriptional profiling (described above) were also used for proteome analysis. Pneumococcal cells were harvested by centrifugation at 4°C and washed four times with cold phosphate-buffered saline (PBS) containing 1 mM phenylmethylsulfonyl fluoride. The pellet was resuspended in 500 l of milliQ and stored at Ϫ20°C until further use. Sample preparation and Cy labeling of proteins were performed according to the manufacturer's protocol (www.amershambiosciences.com). In short, 50 g of protein of both the wild-type and mutant strains was labeled with Cy3 and Cy5, respectively. After labeling, an additional 200 g of protein of the corresponding strain was added to have sufficient material for spot identification by matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry. Fluorescently labeled protein samples were combined, and the total of 500 g of protein was isoelectrically focused on 18-cm immobilized pH 4 to 7 gradient strips (Amersham). For separation in the second dimension, 12 to 20% gradient polyacrylamide gels were used. Gels were scanned on a Typhoon 9410 imager (Amersham Biosciences) and analyzed with Z3 software (Compugen). Spots that showed at least a twofold change in protein abundance were selected and cut out of the gel after visualization by Coomassie staining. Tryptic digests of proteins were analyzed by MALDI-TOF analysis with the UltraFlex mass spectrometer (Bruker). Mascot Search software (Matrix Science) was used for identification of the proteins. Ratios were calculated from duplicate gels of the three biological replicates. Average ratios were only calculated from spots showing at least a twofold change in abundance in at least four out of six gels. Overexpression of pneumococcal CodY in E. coli and purification of CodY. The gene codY was PCR amplified with primers CodY-NheI-H6-Fw and CodYBamRv (Table 2 ) and cloned into pCR2.1. With the restriction sites NheI and BamHI introduced into the PCR product, N-terminally His 6 -tagged CodY (H 6 -CodY) was then cloned in the NheI/BamHI site of pET11C and transformed into E. coli BL21(DE3) for overexpression. The codY coding sequence was confirmed by sequencing. Purification of H 6 -CodY was performed as previously described, with the HisTrap Kit (Amersham Biosciences) by means of Ni affinity chromatography (1). The purified protein was dialyzed against 60 mM NH 4 HCO 3 , freeze-dried, and stored at Ϫ20°C until further use. The identity of the purified protein was confirmed by MALDI-TOF analysis, and the concentration was determined by the bicinchoninic acid assay (Bio-Rad).
Electrophoretic mobility shift assay (EMSA). Gel mobility shift assays were performed essentially as previously described (13) . Briefly, DNA fragments of several upstream regions were PCR amplified in the presence of [␣-
32 P]dATP (10 Ci, 3,000 Ci/mmol/50-l reaction volume; MP Biomedicals) with primers shown in Table 2 . Subsequently, 0.4 ng of radioactive amplicon was added to a 50-l reaction mixture containing binding buffer (20 mM Tris-HCl [pH 8], 8.7% [vol/vol] glycerol, 1 mM EDTA, 5 mM MgCl 2 , 250 mM KCl, 0.5 mM dithiothreitol, 2 g bovine serum albumin) and purified CodY at a concentration of 0, 100, 250, 500, 1,000, or 2,000 nM. BCAAs (leucine, isoleucine, and valine) were added up to a concentration of 10 mM each. GTP was added to a concentration of 5 mM. To reduce nonspecific binding, poly(dI-dC) (Amersham) was added to a final concentration of 40 g/ml. Immediately after incubation for 30 min at 37°C, samples were loaded onto an 8 to 10% (depending on the size of the PCR product) nondenaturing polyacrylamide gel. Gel electrophoresis was performed initially at 100 V for 60 min, after which the voltage was lowered to 50V. Gels were air dried, and X-ray films were developed and scanned after autoradiography. Intensities of free probe (amplicon) were quantified with Imagequant software (Molecular Dynamics). The K d was calculated by interpolation. K d is defined as the concentration of CodY at which 50% of the probe has shifted. The psaR promoter region was used as a negative control, since this gene is not regulated by CodY.
DNase I footprinting. DNA fragments were end labeled with the fmol DNA Cycle Sequencing System kit (Promega). Ten nanograms of end-labeled DNA was incubated for 30 min with 0, 2, 5, 10, 20, or 40 M purified CodY in 50 l of binding buffer (EMSA), after which 2 l of DNase reaction buffer (31.3 U/ml of DNase [Roche], 52 mM CaCl 2 , 1 mM Tris [pH 7.6]) was added. DNase treatment was stopped after 105 s by the addition of 100 l of stop buffer (2.5 M ammonium acetate, 20 mM EDTA, 10 g/l herring sperm DNA), and DNA was precipitated by ethanol precipitation (in the presence of 20 g of glycogen). Pellets were washed with 70% ethanol, air dried, and resuspended in 10 l of formamide loading buffer (containing bromophenol blue and xylene blue). These samples were heated for 1 min at 99°C and applied to a preheated 8% polyacrylamide denaturing sequencing gel. Gels were air dried, and autoradiography was performed by exposing the gel to an X-ray film.
In vitro pneumococcal adherence assay. Adherence of pneumococci to epithelial cells was studied essentially as described previously (7, 27, 28) . In short, monolayers of the human pharyngeal cell line Detroit 562 (ATCC CCL-138) were washed twice with 1 ml of PBS. Aliquots of bacteria (grown to mid-log phase in Todd-Hewitt yeast broth) stored at Ϫ80°C were thawed rapidly, harvested by centrifugation, and resuspended in RPMI 1640 medium without phenol red (Invitrogen) supplemented with 1% fetal calf serum to 1 ϫ 10 7 CFU/ml. One milliliter of bacterial suspension was allowed to adhere for 2 h, after which nonadherent bacteria were removed by three washes with 1 ml of PBS. For quantification of adherence, epithelial cells were subsequently detached by treatment with 25% trypsin-1 mM EDTA in PBS and lysed by the addition of ice-cold 0.025% Triton X-100 in PBS. Serial 10-fold dilutions were plated on blood agar plates to count the adherent bacteria, and the counts were corrected mathematically to account for small differences in the counts of the initial inocula. The wild-type and mutant strains grew comparably in RMPI medium without Detroit 562 cells.
Experimental mouse models. Nine-week-old female outbred CD-1 mice (Harlan, Horst, The Netherlands) were used for all infection models. Prior to infection, the D39 wild-type and ⌬codY strains were passaged in mice to maintain virulence as described previously (25) . Cultures of S. pneumoniae D39 or ⌬codY were grown to an OD 600 of 0.3 and stored in aliquots at Ϫ80°C in 10% glycerol. Prior to infection, these aliquots were spun down and bacteria were resuspended in sterile PBS. Mice were lightly anesthetized with 2.5% (vol/vol) isoflurane-O 2 , and infected intranasally with 10 6 CFU of bacteria as described previously (24) . At predetermined time points after infection, groups of mice were sacrificed by cervical dislocation and samples of various sites were taken to determine the bacterial loads. In the colonization model, five mice per group were infected with 10 l of PBS containing 10 6 CFU of either the D39 wild-type or ⌬codY strain, a volume small enough to only infect the noses (nasopharynxes) of the mice. Bacteria were recovered from the nasopharynx by flushing the nostrils with 2 ml of sterile PBS (26) , and lungs were removed from the body and homogenized in 2 ml of sterile PBS with a hand-held homogenizer (polytron PT 1200; Kinematica AG). Viable bacteria in nasopharyngeal lavage fluid (NPLF) and homogenized lungs were counted by plating serial 10-fold dilutions on Columbia blood agar (Oxoid) supplemented with 5% (vol/vol) defibrinated sheep blood (Biotrading). Time points for sampling were 0, 24, 48, 96, and 192 h postinfection. For the pneumonia model, five mice per group were infected with 50 l of PBS containing 10 6 CFU of the D39 wild-type or ⌬codY strain. Viable bacteria were recovered from the different sites and quantified as described above. In addition, a blood sample was removed by cardiac puncture with a 1-ml syringe. Time points for sampling were 0, 12, 24, and 36 h postinfection. In the sepsis model, six mice per group were infected by the tail vein with 10 6 CFU resuspended in 100 l of sterile PBS. Bacteria were recovered from the blood by a lateral tail vein puncture from the same mouse at 0, 12, 24, and 36 h postinfection and quantified as described above. Bacteriology results are expressed as the geometric mean Ϯ the standard errors of the mean. Comparison of bacterial loads was performed with Student's t test. In all analyses, P Ͻ 0.05 was considered statistically significant. All experiments were performed with approval of the Animal Experimentation Committee (DEC) of the Erasmus Medical Centre.
In vivo expression of pneumococcal codY. Female outbred CD-1 mice were infected with 10 7 CFU of wild-type D39 according to the pneumonia model described above. Control mice were inoculated with sterile PBS only. At 40 h postinfection, mice were sacrificed by cervical dislocation and NPLF and bronchoalveolar lavage fluid (BALF) were collected. Upon collection of 2 ml of NPLF and BALF, 20 l was used for determination of the bacterial load and the remaining fluid was mixed with 4 ml of RNAprotect (Qiagen) and incubated for 5 min at room temperature. Bacteria were collected by centrifugation (5 min at 16,000 ϫ g and 4°C) and pellets were snap-frozen in liquid nitrogen. RNA from NPLF and BALF was isolated with the RNeasy kit (Qiagen) by on-column DNase treatment (Qiagen). Subsequently, 200 to 250 ng of total RNA was amplified with the SenseAmp kit (Genisphere). The product of this amplification was reverse transcribed by Superscript III reverse transcriptase (Invitrogen). To confirm the absence of genomic DNA, reactions without reverse transcriptase were performed. Of the obtained cDNA, 1 l of a 1:2 dilution served as a template for a PCR with codY-specific primers ( Table 2 ). The gyrA (sp1219) amplicon was used as an internal control. Gene expression was assessed in samples obtained from three individual mice.
Nucleotide sequence accession number. The microarray data obtained in this study have been deposited in the NCBI Gene Expression Omnibus (GEO) database (www.ncbi.nlm.nih.gov/geo/) under GEO Series accession number GSE7350.
RESULTS
The CodY regulon. To identify genes regulated by CodY, we compared the transcriptional profiles of wild-type D39 and its codY mutant by DNA microarray analysis. Western blotting of VOL. 190, 2008 THE CodY REGULON OF STREPTOCOCCUS PNEUMONIAE 593 (Table 3) . These included mainly genes predicted to encode proteins involved in amino acid metabolism, such as the oligopeptide permease AliA/B-Ami (aliA, sp0366; amiACDEF, sp1887 to sp1891), a putative BCAA transporter (liv operon, sp0749 to sp0753), acuB (sp0754), the ilv operon (sp0445 to sp0450), and a putative operon that includes ilvE, a BCAA aminotransferase gene, genes for two hypothetical proteins, and pcp (sp0856 to sp0860). Additional CodY-regulated genes involved in amino acid metabolism were gdhA, asd, and dapA (sp1306, sp1013, and sp1014, respectively). The repressed gene set also contained genes predicted to be involved in other cellular processes, such as the fat locus that encodes an iron transport system (sp1869 to sp1872) that has been shown to contribute to pneumococcal virulence (8, 9) and gapN (sp1119), which encodes NADP-dependent glyceraldehyde-3-phosphate dehydrogenase. Interestingly, a cluster of five genes that encode a putative transcriptional regulator, a putative bacteriocin (12) , and three putative membrane proteins (sp0141 to sp0145) was also strongly derepressed. In addition to codY itself, three genes were found to be downregulated in the codY mutant, i.e., sp1429, which is predicted to encode a peptidase; sp2136, which encodes the choline-binding protein PcpA; and dpr (sp1572), which codes for a putative starvation-induced protein.
To examine if the transcriptional differences corresponded with changes in protein expression, 2D DIGE was performed with protein isolated from the D39 wild-type and ⌬codY strains. Fifteen proteins were identified as being significantly more abundant in the codY mutant, and of these, eight of the corresponding genes had also been identified as differentially expressed by microarray analysis (Table 3) . Upregulated proteins identified solely by 2D DIGE included penicillin-binding protein PbpA (sp0369), heat shock protein GrpE (sp0516), and glucosamine-6-phosphate isomerase (sp1415). Ten proteins were found to be significantly more abundant in the wild type than in the mutant, two of which were identified by transcriptional analysis as well (Table 3 ). Proteins only detected by 2D-DIGE included fructose bisphosphate aldolase (Fba, sp0605), glyceraldehyde-3-phophate dehydrogenase (GapA, sp2012), F-type H ϩ -transporting ATPase ␣ chain (AtpB, sp1513), and the dipeptidase PepV (sp0623). Interestingly, L. lactis PepV belongs to the proteolytic system regulated by CodY, although direct regulation of pepV by CodY has never been shown (16) .
Binding of CodY to target promoters. To discriminate between direct and indirect regulation by CodY, EMSAs were performed. Upstream regions containing putative promoter regions of genes identified by microarray analysis, 2D DIGE analysis, or in silico screening with the L. lactis binding consensus sequence (AATTTTCWGAAAATT) (14) were amplified and incubated with purified H 6 -CodY. Also, the effect of addition of BCAAs and GTP on DNA binding to these promoters was investigated. The upstream region of codY was bound by purified H 6 -CodY, especially in the presence of BCAAs, suggesting that CodY regulates its own expression (Table 3 ). Five promoter regions of genes or operons predicted to be involved in BCAA biosynthesis or transport showed a shift, namely, PilvB, PilvE, PlivJ, PamiA (Table 3) , and PaliB (in microarray analysis, it was 1.8-fold upregulated in ⌬codY). (Table 3) . No effect of GTP on DNA binding was observed (data not shown). Binding of CodY to the other three promoters was also enhanced by BCAAs, although to a lower extent. Other promoter regions to which CodY was able to bind were PgdhA, PfatD, PacuB, Pasd, PgapN, Psp0141, Psp0142, Psp0159, Psp1578, and Psp2125 (Fig. 1A and Table  3 ). Several of these promoters had K d s (without BCAAs) higher than the highest CodY concentration tested ( Table 3 ), indicating that their K d s were greater than 2,000 nM. Again, the affinity of CodY for the promoters was enhanced by the presence of BCAAs (K d s ranging from 150 to 1,950 nM, depending on the promoter region). All but two of these promoter regions (Psp0141 and Psp0142) contained a sequence resembling the CodY-binding box. Finally, CodY also bound to the upstream region of pcpA, one of the genes downregulated in the codY mutant, and this binding was enhanced by the addition of BCAAs (Table 3 ). In addition, a sequence resembling the CodY box is present 105 bp upstream of the pcpA start codon (5Ј-AATTTATAAAATGTA-3Ј). This suggests that CodY might positively regulate the expression of PcpA, a choline-binding protein suggested to be involved in adherence (37) . EMSA of the gdhA promoter revealed the presence of two retarded protein-DNA complexes, a major one with the lowest mobility seen at intermediate to high concentrations of CodY and one with intermediate mobility seen with lower concentrations of CodY only in the presence of BCAAs (Fig. 1A) . Similar patterns were observed for the other promoters tested (not shown). To gain further insight into the binding of CodY to the gdhA promoter region, the sequence matching the L. lactis consensus sequence was replaced with random nucleotides and tested by EMSA (Fig. 1B) . The distance of this consensus sequence to the start codon is 79 bp. Without its putative binding domain, CodY did bind the DNA, but only at high concentrations, i.e., 1,000 and 2,000 nM. Furthermore, only the intermediately shifted band was seen. The major complex might consist of the promoter region to which two (or more) CodY dimers have bound, one to the CodY box, and one to a secondary binding site (Fig. 1A) . This putative secondary binding site would still be present in the mutated gdhA promoter fragment, resulting in an intermediate shift. Next, the upstream sequence of the gene psaR (sp1638), to which CodY is not able to bind under any conditions (Fig. 1C) , was mutated in such a way that the CodY box consensus sequence was introduced. Although no CodY binding to this DNA fragment was observed without BCAAs, a clear shift was observed upon the addition of BCAAs (K d of 400 nM), indicating that this sequence is indeed involved in protein-DNA interaction (Fig. 1D) . Only a complex with intermediate mobility was seen, indicative of binding of one CodY dimer to the introduced CodY box. In comparison to the PgdhA with a CodY box, this intermediate shift occurs at lower CodY concentrations, suggesting that CodY has a higher affinity for the CodY box than for the putative secondary binding site.
DNase I footprinting of the gdhA and codY promoters. To determine the CodY binding sites in more detail, we performed DNase I footprint assays. First, H 6 -CodY was incubated with a 160-bp DNA fragment containing the promoter region of codY, both without and with the addition of BCAAs (10 mM isoleucine, leucine, and valine V [ILV]) or BCAAs (10 mM ILV) and GTP (5 mM). Increased protection from DNase I was observed with increasing concentrations of H 6 -CodY ( Fig. 2A) . This protection was not enhanced by addition of GTP (data not shown) or, surprisingly, BCAAs (Fig. 2A) . Three protected regions were identified, one of which contained the putative CodY box (region I, Fig. 2A ). Additional protected sequences were found to be AT-rich DNA sequences (regions II and III, Fig. 2A) . Next, the 178-bp region upstream of gdhA was incubated with H 6 -CodY. Again, we did not observe any effect of addition of BCAA (Fig. 2B) or GTP (data not shown). Three regions were protected from DNase I degradation. One large region, similar to that observed in the codY promoter region, contained the putative CodY box (region I, Fig. 2B ). The second region was a T-rich domain (region II, Fig. 2B ). The third region was an additional region downstream of region I. At higher CodY concentrations regions I and III appeared to form a large protected DNA sequence of approximately 120 bp (Fig. 2B) . Apart from the CodY box, the codY and gdhA promoter regions bear no clear similarities.
Adherence of the codY mutant to pharyngeal cells. Colonization of the nasopharynx is mediated by adherence of the bacterium to respiratory epithelial cells, a process that likely needs to be tightly regulated. To examine the role of CodY in this process, we tested the ability of D39⌬codY to adhere to the human pharyngeal epithelial cell line Detroit 562 in vitro. Since encapsulated strains tend to adhere to a lower extent compared to unencapsulated strains, a codY mutant in a capsule-negative genetic background (D39⌬cps) was constructed (7). Clearly, D39⌬cps⌬codY was less capable of adhering to human pharyngeal cells than was D39⌬cps (P Ͻ 0.0001, Fig.  3A) . As previously mentioned, pcpA, which encodes a putative adhesin (37) , was found to be downregulated in the codY mutant, meaning that this gene is activated by CodY. To investigate the role of CodY activation in adherence through PcpA, we constructed a D39⌬cps⌬pcpA strain and a D39⌬cps⌬ codY⌬pcpA strain and tested them for the ability to adhere to human epithelial cells. D39⌬cps⌬pcpA showed significantly lower levels of adherence than D39⌬cps (P Ͻ 0.0001, Fig. 3A) . This difference was even greater than that between the D39⌬ cps and D39⌬cps⌬codY strains (Fig. 3A) .
Contribution of CodY to experimental virulence.
To assess the contribution of codY to pneumococcal virulence, the D39 wild-type and ⌬codY strains were tested in three mouse models of pneumococcal infection. No significant differences in bacterial loads were observed with the pneumonia and sepsis model of infection (data not shown). In the colonization model of infection, however, a clear phenotype for D39⌬codY was seen, i.e., a consistently and significantly lower bacterial load compared to the wild-type strain for the duration of the infection (P Ͻ 0.0015, Fig. 3B ).
To assess whether codY is actually expressed at the different sites during infection, we isolated bacterial RNA from the NPLF and BALF obtained from mice infected with wild-type D39. Indeed, a clear codY transcript could be detected in the nasopharynx and lungs at 40 h postinfection (Fig. 3C) .
DISCUSSION
CodY has been described as a nutritional repressor in various bacteria, in which it represses genes that are involved in the biosynthesis and uptake of amino acids, as well as genes that are typically expressed during late exponential or stationary phase (14, 35) . The aim of the present study was to elucidate the role of CodY in the physiology of S. pneumoniae. Transcriptome and proteome analyses identified several genes previously shown to be part of the CodY regulon in other bacteria (Table 3) . Ten of the genes and proteins were identified as CodY targets by both techniques. Discrepancies observed between transcriptional and proteome analyses could be due to several factors, such as low levels of gene expression, instability of proteins, or specific regulation at the translational level.
The pneumococcal CodY regulon predominantly consists of genes and operons involved in BCAA metabolism and general amino acid metabolism, such as the ilv operon (ilvBNC) and the genes ilvA and ilvE, which were found to be strongly up- regulated in the codY mutant. Interestingly, ilvA, ilvD, and ilvE are strongly upregulated in a ciprofloxacin-resistant S. pneumoniae strain compared to its ciprofloxacin-sensitive parental strain after induction with this antibiotic (34) . However, both the D39 wild-type and codY mutant strains were found to be sensitive for ciprofloxacin, suggesting that these enzymes are not directly involved in ciprofloxacin resistance (data not shown). In B. subtilis, the ilvBNC operon is tightly regulated by three regulators, CcpA, TnrA, and CodY. These regulators can activate or repress the transcription of the ilv operon, depending on the nutritional conditions (47) . No TnrA homologue is found in the genome of the pneumococcus, and regulation of ilvBNC by CcpA has not been investigated yet in S. pneumoniae. Another example of a gene whose expression is controlled by multiple regulators is gdhA (glutamate dehydrogenase). Apart from its repression by CodY, the expression of this gene is also regulated by the nitrogen regulatory protein GlnR (28) , suggesting that GdhA plays a central role in pneumococcal nitrogen metabolism. Preliminary results indicate that the intracellular amino acid pool is indeed affected in the codY mutant; lower intracellular glutamate and higher NH 3 concentrations were measured (unpublished results). This is probably due to the higher abundance of GdhA, which catalyzes the deamination of glutamate into ␣-ketoglutarate and NH 3 . The higher NH 3 concentration may also be the result of the higher abundance of threonine dehydratase (IlvA), as this enzyme catalyzes the conversion of threonine to 2-oxobutanoate and NH 3 . Accordingly, the butanoate concentration was also higher in the codY mutant (unpublished results).
By DNase I footprinting, we identified the pneumococcal CodY-binding box, similar to the consensus sequence described for L. lactis. Furthermore, EMSAs showed that most of the genes upregulated in the codY mutant are under the direct control of CodY, although CodY does not have the same affinity for all promoters. As in L. lactis, BCAAs but not GTP, enhanced the binding of H 6 -CodY to its target promoters. For instance, the K d without BCAAs for PcodY was Ͼ2,000 nM whereas with BCAAs it was 382 nM. This suggests that when high concentrations of BCAAs are present, CodY might repress itself stringently, whereas the affinity of CodY for its own promoter is relatively low in the presence of low levels of BCAAs. On the other hand, the overall affinity of CodY for the gdhA promoter region was much higher, indicating that even at very low BCAA concentrations, CodY might still able to repress gdhA expression.
CodY targets whose expression was affected most in the codY mutant (6-to 10-fold upregulation) were genes that encode products predicted to be involved in BCAA metabolism. Their promoter regions also displayed the highest affinity for CodY, especially in the presence of BCAAs. Among these was the previously mentioned ilvBNC operon, which encodes enzymes that condense threonine and pyruvate or two pyruvates into branched-chain keto acids, precursors of the BCAAs. Derepression of this operon might therefore result in an alteration of the pyruvate pool (40) . Previous studies have shown that a mutant for pyruvate oxidase, encoded by spxB, is affected in the ability to adhere to type II lung cells and epithelial cells (43) . It was found that upon addition of acetate, adherence of the spxB mutant was restored to wild-type levels, indicating that SpxB is not an adhesin and that acetyl-CoA influences the adhesive properties of pneumococci. Metabolites, which pneumococcus produces during colonization, could potentially play a role in creating a favorable environment for adhesion. Normally, bacteria use the transport of acids like acetate and lactate out of the cell to build up an electrochemical gradient (proton motive force). As a result of the codY mutation, S. pneumoniae might no longer be able to adequately maintain this proton motive force. From a nutritional point of view, without cellular active CodY, the cell is considered to be in a "hunger state," which is in agreement with the hypothesis of Spellerberg and coworkers, who proposed that pneumococci adhere in a nutrient-rich, but not in a nutrient-poor environment (43) . This suggests that adhesins are preferentially expressed under nutrient-rich conditions. In line with this, expression of the choline-binding protein PcpA, a putative adhesin (37) , was downregulated in the codY mutant, and CodY bound to the pcpA upstream region, suggesting a possible link between nutritional regulation and adhesion. Our in vitro adhesion assays showed that PcpA is indeed required for wild-type levels of adherence in D39. With a cps-codY-pcpA triple mutant, we showed that there is an additional effect when pcpA is deleted in a codY mutant. This could indicate that in the case of a codY mutation, no induction of pcpA transcription occurs, but there is still some background transcription, allowing suboptimal adherence compared to that of the isogenic wild type. The cps-codY-pcpA triple mutant adhered at levels comparable to those of the cps-pcpA mutant, suggesting that induction of pcpA expression by CodY might be required for efficient adherence to Detroit 562 cells. In this way, expression of adhesins might be controlled by nutritional regulation (Fig. 3A) . However, PcpA was shown not to be required for colonization in another strain (22) , so the observed effect of the codY mutation on adherence and colonization could be indirect. In contrast, the oligopeptide permease AliA/B-Ami complex, which is strongly upregulated in the codY mutant, has been shown to be either directly or indirectly involved in interaction with type II lung cells and epithelial cells (11) . Furthermore, an aliA/B-ami mutant has been shown to be attenuated for colonization in a murine model of infection (25) . Because the codY mutant was also attenuated for colonization, while overexpressing AliA/B-Ami, it is likely that this oligopeptide permease is indirectly involved in adherence and colonization (i.e., by modulating adhesins), although further experiments are needed to verify this. By identifying the pneumococcal CodY regulon, we were able to confirm its role as a nutritional regulator described for other gram positives and at the same time show species-specific targets, such as the putative bacteriocin system. In contrast to B. subtilis, no genes directly involved in competence appeared to be under the control of CodY. The only link between CodY and competence is the regulation of the oligopeptide permease AliA/B-Ami, which has been indirectly implicated with the development of competence (10) . Furthermore, we have shown that CodY is required for colonization of the nasopharynx, in particular, through adherence to epithelial cells, as demonstrated in vitro. However, it remains unclear which factor(s) (adhesins, proton motive force, intracellular or extracellular metabolites) is the main player during colonization and adhesion.
In conclusion, the CodY regulon of S. pneumoniae is of profound importance for the adaptation of this bacterium to nutrients. As such, this regulon is considered to contribute to the early stage of infection, i.e., colonization of the nasopharynx.
